INTRODUCTION
Testosterone and 5 α dihydrotestosterone stimulate the growth of prostate cells, though they do not induce prostate cancer per se. Prostate cancer metastases in men with progressive castration-resistant prostate cancer (CRPC) have been found to contain higher levels of testosterone receptors than those in prostate cancer tissue from eugonadal men which clearly underscores the testosterone dependency of this disease. Endogenous estrogens work in synergy with androgens for the malignant transformation of prostate epithelial cells through a complex mechanism. [1, 2] Androgen deprivation therapy (ADT) has long been recognized as the corner stone for the treatment of locally advanced and metastatic carcinoma of prostate. However, ADT is associated with major side effects such as skeletal-related events (osteopenia, osteoporosis, and fracture of bones), increased risk of cardiovascular diseases, weight gain, metabolic syndrome, reduced quality of life (due to hot flushes, sexual dysfunction, fatigue, and mental depression), and cognitive decline. [3] These side effects are due to the reduction in testosterone levels which in turn result in reduced peripheral conversion of testosterone to estrogen. The reduction in testosterone level in ADT is up to 95% with a concurrent reduction in endogenous estrogen by about 80%.
Usefulness of exogenous estrogen therapy in the management of advanced and CRPC has been known for several decades. It is possible that exogenous estrogen suppresses pituitary luteinizing hormone (LH) production via negative feedback thereby reducing systemic testosterone production. Concurrently, the exogenous estrogens replace the lost endogenous estrogens so that the overall estrogen levels remain high, thus avoiding the undesired side effects of estrogen reduction seen with ADT. The role of estrogen in the coagulation cascade which is also the pharmacologic basis of its adverse events is depicted in Figure 1 .
Despite its well-documented benefit, estrogen therapy fell out of favor with the advent of other forms of ADT as the former had a higher incidence of cardiovascular complications and poorer overall survival. Most of the toxicity caused by exogenous estrogen therapy is a consequence of the first pass portal circulation which facilitates the hepatic metabolism of hormones, lipids, and coagulation proteins. Administration of estrogen by routes which bypass the hepatic enzyme induction can significantly reduce its side effects. Clearer understanding of the mechanism of action of estrogen coupled with the adoption of alternative routes of administration has triggered a renewed interest in estrogen therapy, particularly in CRPC. We reviewed the published articles on treatment of CRPC with exogenous estrogens by searching the Medline PubMed databases from 2000 to 2018.
ROLE OF ENDOGENOUS ESTROGENS IN PROSTATE CANCER
While some studies have shown that elevated plasma estrogens increase the risk of prostate cancer, [4, 5] certain others have observed contradictory findings. [6] Estrogen mediates its biological effects in prostate tissue by binding to the intracellular estrogen receptor (ER) β, with minor effects on ER α. [7, 8] The principal ERs, namely ER α and ER β are expressed by prostate in health and disease. They exhibit functional specificity, and any imbalance in their expression can significantly alter the estrogenic effect on target cells in the prostate. Loss of expression of ER β has been reported to be associated with development of prostate cancer. [9] There is growing evidence to believe that endogenous estrogens exert their effect on carcinogenesis through a genotoxic mechanism that protects against catechol estrogen and redox cycle. [10, 11] In contrast, the natural estrogens from plants products (phytoestrogens, like soy isoflavones such as genistein) and dietary estrogen analogs have been proposed to retard prostate cancer development and therefore have the potential for use as anticancer agents. [12] 
HISTORICAL PERSPECTIVE OF EXOGENOUS ESTROGEN THERAPY
The first description of the role of exogenous estrogen therapy in advanced prostate cancer was given by Huggins and Hodges in 1942. [13, 14] Subsequently, over the next four decades, estrogens and orchiectomy became the standard of care for the treatment of all patients with advanced carcinoma of prostate. However, the Veterans Administration Cooperative Urological Research Group (VACURG) study published their results in late 1960s which showed significant discrepancy between cancer specific survival and overall survival of cancer prostate patients with exogenous estrogens. [15] [16] [17] These studies also revealed significantly increased risk of cardiovascular mortality in 36% of patients and thromboembolism in up to 15% of patients receiving diethylstilboestrol (DES) at a dosage of 5 mg daily. These alarming results combined with development of luteinizing hormone-releasing hormone (LHRH) agonists (LHRHa) and nonsteroidal antiandrogens with equivalent oncological effects and lower cardiovascular toxicity pushed estrogens to the back seat in therapeutics of advanced carcinoma of prostate. Interestingly, the subsequent VACURG studies using DES at lower doses and studies using transdermal estradiol (E2) reported significant therapeutic response in selected patients with CRPC associated with lesser cardiovascular side effects and delayed mortality. Other studies have also reported significant effect of 17 β E2 in suppressing CRPC growth and delayed mortality. [18] These studies have rekindled a new interest in exploring the potential for safer use of estrogens in the management of advanced carcinoma of the prostate.
MECHANISM OF ACTION OF EXOGENOUS ESTROGENS
The various mechanisms that are postulated for the beneficial effects of exogenous estrogen in patients with carcinoma of prostate are as follows: [19] [20] [21] 
MECHANISM OF ESTROGENIC SIDE EFFECTS
These are various mechanisms by which exogenous estrogens exert their side effects in the body. 
LOW-DOSE DIETHYLSTILBOESTROL IN THE TREATMENT OF CRPC
There are several studies which have proved that low-dose DES would be beneficial in the treatment of CRPC. The phase II trial with 1 mg of oral DES in 21 patients showed a prostate-specific antigen (PSA) response in 43% patients with confirmed adenocarcinoma of prostate and distant metastasis refractory to first-line androgen deprivation. [22] These authors reported only 5% of patients developing deep vein thrombosis (DVT), 14% developing gynecomastia though 90% of patients had minimal nipple hypersensitivity. Baseline PSA, hemoglobin, lactate dehydrogenase, alkaline phosphate, and length of time on first hormonal treatment did not correlate with the response. The estimated survival at 2 years of treatment was 63%.
In a review article, Malkowicz has reported that 0.1 mg of DES/day was quite effective as much as 3 mg/day as an anticancer agent with lesser side effects, although subsequently, 1 mg of DES three times a daily evolved as the standard form of treatment. [23] Wilkins et al. in 2012 reported a PSA response rate of 28.9%, median time to PSA progression of 4.6 months, improvement in European Organization for the Research and Treatment of Cancer pain score in 18% and thromboembolic complication in 9.9% of patients in their study involving 231 patients with CRPC using DES. [24] The patients received initial daily dose of 1 mg of DES with titration up to 3 mg. 75 mg of aspirin was also given to all patients with the exception of those who were already on Warfarin. Single fraction of 8 cGY external radiation was given to the breast buds before starting DES to prevent painful breast enlargement. Similar beneficial effects of low dose DES have also been reported by other authors using the drug in the treatment of CRPC before initiating chemotherapy. [25] In a retrospective single center study on 43 CRPC patients with oral DES in a daily dose of 1-4 mg/day, there was >50% decline in serum PSA levels with durable responses (>1 year) in 31% of patients. Only 9% of patients in this study developed thromboembolic complications when thromboprophylaxis was given along with the treatment. [26] The review article by Turo et al. also highlighted the usefulness of low-dose DES in many clinical trials for the treatment of CRPC with minimal side effect profiles. [19] These authors also proposed a synergistic effect of DES on tumor cells when used in conjunction with the newer therapies for cancer of prostate.
Aggarwal et al. reported that there was a significant reduction in serum testosterone levels in 12 weeks of treatment with DES at 3 mg/day or a herbal supplement (PC-SPES 960 mg TID) in patients with CRPC. [27] The patients in this study also received Warfarin 2 mg/day continuously as thromboembolism prophylaxis.
There are reports that 1 mg DES combined with dexamethasone resulted in more than 50% PSA decline in 64%-68% patients, although venothromboembolism occurred in 22% of patients. [28] These authors reported that DES would be an alternative in patients with failed abiraterone treatment in patients with CRPC.
Shamash et al. in their multicenter randomized phase III trial compared the use of dexamethasone (2 mg/day), aspirin (75 mg/day), and ranitidine (150 mg twice a day) along with immediate addition of DES (1 mg/day) or deferred (until disease progression) addition of DES in CRPC. [29] They concluded that immediate or deferred use of DES in the management of CRPC did differ neither in terms of PSA response nor in terms of progression free survival. Therefore, deferring DES until failure of dexamethasone would be the preferred strategy when using these agents in CRPC to reduce the toxicity of DES.
Oral ethinyl E2 at 1 mg/day along with aspirin (100 mg/day) was found to be effective in 116 CRPC patients in a single center prospective analysis done by Sciarra et al. [30] They confirmed PSA response in 70.5% of patients and a median time to PSA progression of 15.1 months. About 23.2% of patients required treatment cessation due to toxicity at a median time of 16 months mainly due to thromboembolism.
PARENTERAL ESTROGENS IN THE TREATMENT OF CRPC
To mitigate the cardiovascular complications of oral estrogen by avoiding first-pass hepatic metabolism and avoid the complications caused by estrogen deprivation, an alternate approach using parenteral estrogens has been proposed. The Scandinavian Prostate Cancer Group-5 trial study evaluated the results of intramuscular injections of 240 mg polyestradiol phosphate (PEP) every 2 nd week for the first 8 weeks followed by a maintenance dose of 240 mg monthly in 915 patients with advanced prostate carcinoma. It was concluded that parenteral estrogen regimen had comparable efficacy and cardiovascular safety to medical or surgical orchiectomy in patients with advanced cancer of prostate with lesser skeletal side effects, although the nonfatal complications such as gynecomastia were more pronounced in the PEP group. [31] Norman et al. in their systematic review [32] and Phillips et al. [33] in their study on use of parenteral estrogen in the treatment of cancer of prostate reported the efficacy of this form of drug regimen in advanced prostate cancer compared to LHRH analog with the added advantage of lower cost of treatment.
TRANSDERMAL ESTROGENS IN THE TREATMENT OF CRPC
It is recognized that transdermal application of estrogens can eliminate cardiovascular and thromboembolic complications resulting from first-pass effect in the liver with production of prothrombotic proteins.
Langley et al. assessed the hormonal effects of Fem 7 (100 mg transdermal estrogen patches) on men undergoing first-line ADT for advanced prostate cancer. [34] They found that the estrogen patches produced castrate levels of testosterone with concomitant PSA reduction at 12 weeks of therapy, with lesser side effects. The testosterone levels in eight of the 13 patients studied were <1.7 nmol/l, two were 1.7-2 nmol/l, and three were more than 2 nmol/l. All patients had a PSA response, with eight having a PSA level <4 ng/ml. Therefore, early evidence from these studies supports estrogen patches as viable alternatives to LHRH.
Stein et al. also proved in their study involving 22 patients, who had advanced, heavily pretreated castrate and chemotherapy refractory cancers that transdermal E2 patches (0.4 mg/24 h total) applied at weekly intervals to be effective with significant PSA responses. [35] In another study, an average of two patches per day (0.6 mg/24 h of 17 β E2) for 8 weeks was found to be sufficient to maintain androgen ablation in 20 men with locally advanced or metastatic prostate cancer. [36] Ockrim et al. in their study observed that transdermal E2 therapy resulted in increase in mean and peak systolic velocities and photoplethysmography in arterial blood flow at 6 months of treatment.
[37] Arterial compliances initially decreased but got normalized after 12 months. However, the venous variables were unaffected by therapy. This study probably pointed to the cause for increase in cardiovascular toxicity in early phase of estrogen patch therapy and the cardioprotective effect that accrued thereafter.
The PATCH trial (NCT00303784) is currently being under taken to compare the efficacy and safety of transdermal E2 agonists versus gonadotropin-releasing hormone analogs in men with locally advanced and metastatic prostate cancer with reduced cardiovascular side effects. [38] Transdermal E2 has also been found to be beneficial in improving bone mineral density. [39] This form of therapy has been reported to produce more favorable metabolic profiles with better quality of life although there has been increased chance of gynecomastia. [40] The STAMPEDE trial (NCT00268476) is also currently recruiting patients to compare transdermal E2 with standard ADT as a compliment to the PATCH trial. [41] These studies strongly support the use of transdermal E2 as a potential alternative to LHRH analog for the suppression of androgens in the treatment of locally advanced and metastatic prostate cancer. This form of treatment is probably less thrombogenic as it avoids hepatic first-pass mechanism which increases the synthesis of thrombophilic coagulation factors. The treatment is also significantly cost-effective in comparison to LHRHa.
OTHER FORMS OF ESTROGEN THERAPY
Estramustine phosphate, a nitrogen mustard derivative of E2-17 β-phosphate, has been found to have antitumor properties. Ravery et al. reviewed the studies on combination therapy with estramustine and docetaxel in the treatment of advanced prostate cancer. [42] The studies revealed that use of estramustine with adjunctive low molecular weight heparin could be used as an effective second-line treatment strategy in hormone refractory prostate cancer.
Fosfestrol, a DES prodrug developed to achieve higher water solubility and lower toxicity, was found to produce higher intracellular levels of DES with significant anti-tumor activity. [43] Fosfestrol 100 mg thrice a day was given orally in a continuous schedule until the appearance of progressive disease or excess toxicity. In 38 patients with hormone refractory prostate cancer, the median time to progression with oral fosfestrol was 7 months; in 34% of patients, pain remained stable, and in another 53%, there was improvement in pain score. Toxicities such as worsening of gynecomastia, peripheral edema, and DVT were observed in 8% of patients. There was no treatment-related deaths reported in the trial. The authors proposed concomitant prophylaxis with anticoagulants in patients with predisposing factors during the therapy.
Toremifene, as a second generation of selective ER modulators, was reported to have lesser cardiovascular side effects compared to ADT when administered at 80 mg dose. [44] The analogue of 2-Methoxyoestradiol named as ENMD-1198 was found to be beneficial in patients with advanced prostate cancer. [45] The agonist of ER α, Tx 758 was also found to decrease the estrogen deficiency side effects during ADT though it increased the risk of venous thromboembolic complication. [46] 
ESTROGEN IN THE MANAGEMENT OF HOT FLUSHES IN MEN RECEIVING ANDROGEN-DEPRIVATION THERAPY
Hot flushes are characterized by a subjective sensation of rise in cutaneous temperature due to vasodilation predominantly in the face; throat and extremities usually followed by perfuse sweating. Following the administration of ADT, there is steep decline in serum LH and follicle-stimulating hormone resulting in the release of hypothalamic catecholamines, particularly that of norepinephrine. This affects the thermoregulatory center in upper hypothalamus resulting in abnormal peripheral vasodilatation. About 80% of patients on ADT will experience hot flushes, of which 27% is likely to have persistent troublesome effects.
There are many drugs including cyproterone acetate, gabapentin, clonidine, selective serotonin reuptake inhibitors, and various herbal products containing phytoestrogens recommended for the treatment of hot flushes. Megestrol acetate 20 mg twice a day has been reported to produce complete resolution of symptoms in 70% of men on ADT and reduction in the severity of symptom in another 20%. [47] Oral DES in the dose of 0.25-0.5 mg/day was found to be effective in reducing hot flushes though gynecomastia remained a notable side effect. [48] Transdermal DES in the dose of 0.1 mg/h was also found to reduce the number and severity of hot flushes significantly. [49] In a Japanese study conducted in 2004, it was observed that estramustine phosphate also reduced the hot flush score significantly in patients undergoing ADT.
[50]
COST OF THERAPY
The cost of treatment at this advanced stage of the disease is yet another limiting factor. Treating prostate cancer and treatment-associated toxicities has been reported to cost the UK over £100 million per annum with a total global health bill estimated at more than £2 billion. Abiraterone was estimated to cost around £50, 000 per quality adjusted life years, when it extended the median survival by a mere 3-5 months. [51] The cost-effectiveness of ADT in advanced prostate cancer has been analyzed by Bayoumi et al. which is shown in Table 1 . [52] These authors questioned the cost-effectiveness of wide spread use of expensive androgen suppression strategies based solely on biochemical evidence of disease progression in men with advanced prostate cancer. ADT was found to be the least economically attractive option yielding small health benefits at relatively higher cost.
DISCUSSION
The selection of treatment options for CRPC is often linked to poor prognosis prediction since the reduction in PSA level observed in these patients need not necessarily correlate with the outcome of treatment, especially in the first 3 months of treatment. Shamash et al. reported a validated prognostic index predicting the response of dexamethasone and DES in the treatment of CRPC which could have some clinical relevance. [53] However, the distressing side effects of currently used ADT still continue to cast doubts on the therapeutic judgment of treating physician in advanced carcinoma of prostate.
It is well known that with the advent of LHRH analogues, estrogen therapy which was far more cost effective receded from the therapeutic armamentarium for a while. However, since 2010, there has been a renewed interest in revisiting this mode of therapy as an alternative to ADT or even as an option before chemotherapy in CRPC. Hongo et al. in 2014 reported complete response to ethinyl E2 administered for almost 2 years in patients with CRPC. [54] There is an interesting article on a urologist's personal experience with multiple surgical, hormonal, and radio/immunotherapeutic options for the treatment of advanced prostate cancer and thoughts on the role of old and new therapies. [55] The author narrated that in 2008, he was advised transdermal E2 patch which he began and continued to the present. E2 slowed his PSA doubling time but of equal importance, improved his sense of well-being. The author finally concluded that estrogen was barely mentioned in the guidelines of the major oncology societies and was being essentially overlooked and very much underappreciated.
For patients with metastatic castration-resistant prostate cancer on androgen receptor signaling inhibitors and standard chemotherapy, it is now reported that those who harbored circulating tumor cells that had AR-V7 protein in the cellular nuclei were very likely to survive longer on taxane-based chemotherapy. [56] There are also reports that detection of AR-V7 in circulating tumor cells from patients with CRPC has been reported to be associated with resistance to enzalutamide and abiraterone. [57] Estrogens would be a good alternative in these situations, if AR-V7 proteins could be detected before the administration of the newer forms of ADT.
Recent study by Pramesh et al. highlighted that delivery of affordable and equitable cancer care as one of India's greatest public health challenges. [58] These authors calculated that the public expenditure on cancer in India as below $ 10 per person (compared with more than $100 per person in high-income countries), with overall public expenditure on health care being only slightly above 1% of gross domestic product. Interestingly, out-of-pocket payments, which accounted for more than three-quarters of cancer expenditures in India, was regarded as one of the greatest threats to patients and families. A cancer diagnosis was increasingly responsible for catastrophic expenditures that negatively affected not only the patient but also the welfare and education of several generations of their family.
Yet another interesting study by Haddad et al. highlighted that there existed a social gradient in community as far as healthcare delivery was concerned in India, which was not solely explained by differences in material deprivation, but was dependent on other factors, such as social exclusion and caste discrimination.
[59] Therefore, we believe that effective treatment with low cost using estrogens in advanced cancer prostate in a country like India with wide social, economic, developmental and cultural stratifications, and ramifications would be a boon to the families to avert the economic drain on them caused by the disease and its treatment.
It is now well recognized that oral estrogens, due to the first pass though the liver, has been responsible for the alarming cardiovascular and thromboembolic setbacks of estrogen. Low dose estrogen, especially given parenterally or transdermally appears to be well tolerated with minimal side effects and highly cost-effective. Estrogens in low doses may not cause osteoporosis and has beneficial effect in patients with CRPC compared to ADT. Estrogen and their analogs could also be used to alleviate the distressing side effect of hot flushes in patients on ADT.
CONCLUSIONS
There is currently enough evidence to support the efficacy of estrogen therapy in the management of CRPC. The resurgence of estrogen therapy would be a less expensive option having equivalent or even better therapeutic effects than ADT in this disease scenario. 
